Animals living in social communities typically harbor a characteristic gut microbiota important for nutrition and pathogen defense. Accordingly, in the gut of the honey bee, Apis mellifera, a distinctive microbial community, composed of a taxonomically restricted set of species specific to social bees, has been identified. Despite the ecological and economical importance of honey bees and the increasing concern about population declines, the role of their gut symbionts for colony health and nutrition is unknown. Here, we sequenced the metagenome of the gut microbiota of honey bees. Unexpectedly, we found a remarkable degree of genetic diversity within the few bacterial species colonizing the bee gut. Comparative analysis of gene contents suggests that different species harbor distinct functional capabilities linked to host interaction, biofilm formation, and carbohydrate breakdown. Whereas the former two functions could be critical for pathogen defense and immunity, the latter one might assist nutrient utilization. In a γ-proteobacterial species, we identified genes encoding pectin-degrading enzymes likely involved in the breakdown of pollen walls. Experimental investigation showed that this activity is restricted to a subset of strains of this species providing evidence for niche specialization. Long-standing association of these gut symbionts with their hosts, favored by the eusocial lifestyle of honey bees, might have promoted the genetic and functional diversification of these bee-specific bacteria. Besides revealing insights into mutualistic functions governed by the microbiota of this important pollinator, our findings indicate that the honey bee can serve as a model for understanding more complex gut-associated microbial communities.
symbiosis | coevolution | pectin degradation | Gilliamella | Snodgrassella A s a pollinator, the honey bee, Apis mellifera, is a key species for agricultural production and contributes significantly to the human food supply (1, 2) . Recent losses of A. mellifera and bumble bees (genus Bombus), and the potential association of these declines with various infectious agents, call for a better understanding of the bees' microbiota (3, 4) . In many animals, the gut microbial community, in particular, confers functions related to nutrition and susceptibility to disease and thus might also play an important role in the health and resilience of honey bees.
Honey bees pool resources, divide labor, and communicate in highly structured social colonies (5) . Sterile female worker bees predominate within colonies in which they initially clean cells, rear brood, and store food, then leave the hive, and forage for pollen and nectar (5) . Diet and nutrition also shift as workers age (6, 7) , but throughout the life cycle, pollen represents the only dietary source of fat and amino acids (8) .
Independent studies of bacterial community profiles based on 16S rRNA sequences show that workers of A. mellifera and some Bombus species consistently harbor a distinctive gut microbiota not shared with solitary bees (9) (10) (11) . This microbiota consists of eight distinct species or phylotypes (i.e., closely related strains with ≥97% sequence identity in 16S rRNA sequences, hereafter referred to as species): three Gram-positive species (two closely related Firmicutes within Lactobacillus and one within Bifidobacterium) and five Gram-negative species (one β-proteobacterium with the Candidatus name "Snodgrassella alvi," two closely related γ-proteobacteria, one with the Candidatus name "Gilliamella apicola," and two α-proteobacteria) (12) . Recent deep sequencing of 16S rRNA amplicons from guts of individual worker bees has confirmed these results and has further shown that these species make up more than 99% of all bacterial sequences detected in the worker bees' intestines and that the β-proteobacterium (hereafter, Snodgrassella both γ-proteobacteria, and both Lactobacilli are present in every bee (13) . The consistent occurrence of these particular species and their deep phylogenetic divergence from other known bacteria suggests coevolution and mutualistic interactions with their hosts. Indeed, in a European Bombus species, it was recently shown that the gut microbiota is transmitted via feces and protects against the intestinal trypanosomatid pathogen Crithidia bombi (14) . In addition to defending against pathogens, the gut microbiota might be involved in nutritional processes such as breakdown and utilization of pollen grains or degradation of toxic compounds encountered in the environment (15, 16) .
Analyses of 16S rRNA sequences are useful for characterizing species composition but provide little information about metabolic capabilities of these species. Although a 16S rRNA sequence can indicate a close phylogenetic relationship to organisms for which physiology has been characterized, even closely related species can display massive differences in functional gene content, due to the dynamic nature of bacterial genomes. For example, strains of Escherichia coli differ by <1% in 16S rRNA sequences but have very different gene sets and effects on host organisms. In extending beyond 16S rRNA analyses, a first picture of metabolic and functional capabilities can be revealed from genomic sequences, which enable reconstruction of pathways and functions with strong predictive value. Such information from genome sequences provides a rich set of candidate genes and processes for experimental tests of functions.
Here, we report analyses of the metagenomic sequence of the resident gut microbiota of A. mellifera. Our results confirm the simple composition of the microbiota on the species level, but we discovered extensive strain-level diversity within each of the bacterial species present. Annotation and pathway reconstruction based on the metagenomic gene content suggest that specific functions related to host interactions, digestion, and defense are associated with particular bacterial species or with strains within species. We investigated experimentally one such potential function, that of pectin degradation, an activity presumably involved in breakdown of pollen walls. Our experiments demonstrate that differences in gene content within species result in differences in functional capabilities that are expected to affect host ecology.
Results and Discussion

Metagenomic Sequencing and Strain Variation in Species of the Gut
Microbiota of Honey Bees. De novo assembly of 81,343,096 pairedend reads resulted in 54,700 scaffolds of contigs with a total length of 76.6 Mb (SI Appendix, Table S1 ). Annotation of the gene content predicted 112,128 protein-coding sequences (CDSs). Analyses of the overall community profile indicated that the metagenome is dominated by sequences from α-, β-, γ-proteobacteria, Lactobacillus (Firmicutes), and Bifidobacterium (Actinobacteria) ( Fig. 1 A  and B) . Reads corresponding to 16S rRNA genes verified that the eight typical species previously detected in honey bees (9, (11) (12) (13) were all present and dominated the gut community. Phylogenies inferred from eight conserved, single copy marker genes ( Fig. 1C and SI Appendix, Fig. S1 ) further revealed that the taxonomic diversity is largely limited to six distinct phylogenetic lineages, referred to as Alpha-1, Alpha-2, Snodgrassella, Gamma, Firm, and Bifido. These distinct clusters reflect the eight dominant species with the two closely related Firmicutes (Firm-4 and Firm-5) and the two γ-proteobacteria (Gilliamella and Gamma-2) each being pooled into one group. Interestingly, the presence of several divergent copies of marker genes per phylogenetic cluster ( Fig. 1C and SI Appendix, Fig. S1 ) suggested the existence of marked variation despite the limited number of major species in the honey bee gut. Notably, a few sequences showed closest homology to Bacteroidetes, probably from a species previously detected in both honey bee and Bombus guts (Fig. 1B, SI Appendix, Fig. S1B) (10, 17) . Because of the very low representation of this lineage (indicated by small contigs and shallow read coverage) we did not include it in subsequent analyses.
To analyze gene contents specific to a given species or species group, we assigned scaffolds to the six different phylogenetic clusters shown in Fig. 1C , using a combination of homology-and nucleotide composition-based binning methods (SI Appendix, Table S1). We then assessed the completeness of the genomic content for each of these bins by determining the presence of a minimal set of essential (mostly single-copy) genes (18) . Except for the Bifido cluster, we identified full-length homologs for ≥85% of these gene sets in all bins, and even genes scored as missing were usually present as gene fragments. Thus, each bin contained sequences representing nearly complete genomic contents for the corresponding species or species group (Fig. 1D) , implying nearly complete genomic representation for the major species of the bee gut microbiota.
Inspection of these bins revealed that there were several related genomes within each, as indicated by the existence of several distinct copies of the genes in the minimal gene set (Fig. 1D) . Particularly within Alpha-1, Gamma, and Firm, individual genes were present as numerous copies. The presence of multiple strains was also supported by (i) the total contig length obtained for these bins exceeding the size of typical bacterial genomes (SI Appendix, Table S1 ) and (ii) our phylogenetic marker gene analysis, indicating the presence of several divergent copies per phylogenetic Fig. S1 for other trees) revealed that most sequences from the honey bee microbiome (shown in pink) fall into the same six distinct clusters. These phylogenetic clusters are referred to as Alpha-1, Alpha-2, Snodgrassella, Gamma, Bifido, and Firm. We considered all closely related taxa with available genomes for this analysis. Bootstrap values >80 are shown. (D) Percentages of the minimal gene set present in each bin are depicted in parentheses (only full-length copies/including fragmented genes). Graphs show distribution of genes of the minimal gene set based on identified full-length copies per bin. Asterisks indicate fragmented genes. (E) Average percentage of variable sites and average read coverage for 27 ribosomal protein-encoding genes of each bin.
cluster (Fig. 1C and SI Appendix, Fig. S1 ). Pairwise protein identities of homologs of the minimal gene set in each bin mostly ranged from 80 to 100% (SI Appendix, Fig. S2A ), providing further evidence for the presence of extensive strain variation. To quantify the degree of diversity, we remapped all reads against 27 ribosomal protein-encoding genes including one set of genes for each bin. Detection of single nucleotide polymorphisms (SNPs) revealed high percentages of variable sites in Alpha-1 (13.8% ± 3.8), Snodgrassella (10.5% ± 2.7), Gamma (13.5% ± 3.2), and Firm (13.1% ± 3.2). The lower percentages of variable sites detected for Bifido (3.9% ± 2.0) and Alpha-2 (1.1% ± 1.2) might reflect low representation in the metagenomic dataset (Fig. 1E) . Despite having low numbers of gene copies for the minimal gene set, the Snodgrassella bin contained a high percentage of variable sites. This discrepancy probably reflects the poor assembly of sequences from this bin resulting in many fragmented gene copies.
Overall, these findings corroborate surveys based on 16S rRNA that indicated dominance of the bee gut microbiota by eight characteristic bacterial species. Further, they show that in a single honey bee colony, distinct strains of these species coexist. The low frequencies of many SNP variants, particularly in bins with a high number of variable sites (SI Appendix, Fig. S2B ), provides additional evidence for the presence of many, closely related strains. Recent analysis of 16S rRNA sequences revealing multiple strains of Snodgrassella and Gilliamella even within individual bees (13) further support our findings. Maintenance of this diversity is likely promoted by the eusocial lifestyle of honey bees. First, colonies are founded by swarms consisting of a large number of workers and their queen, so the associated gut bacteria do not undergo a bottleneck by passing through a single individual founder. Second, trophallaxis and other interactions within the colony could facilitate recurrent colonization of individual bees. Third, intercolony interactions such as robbing of food resources in neighboring hives and mixing of colonies by beekeepers might further enhance bacterial diversity. The implications of diversity in the bee gut microbiota are unknown. Variants of a given species may colonize different microenvironmental niches in the gut or potentially, may compete among each other, even at host expense. Alternatively, as in other microbial gut communities (19, 20) , this diversity might confer fitness benefits to bees when facing environmental challenges such as exposure to pathogens, varying food sources, or toxic compounds.
Gene Functions Enriched in the Metagenome of Honey Bees. The metagenome provides an initial picture of the functional capabilities of the bee gut microbiota. For an indication of what functions might be unusually prominent in the honey bee-associated community, compared with the gut microbiota of other animals, we compared the profile of Clusters of Orthologous Group (COG) functions to nine metagenomic datasets from the gut-associated microbial communities from five mammals and four insects (21) (22) (23) (24) (25) (26) . We found a total of 72 COGs to be significantly enriched in the honey bee dataset in at least eight of the nine comparisons (SI Appendix, Table S2 ). "Carbohydrate metabolism and transport" was the most abundant category among these functions (20%, SI Appendix, Fig. S3 ) and was predominant among those with the highest enrichment scores (Fig. 2) . A majority of these functions represent components of various phosphotransferase systems (PTSs), which are responsible for the import of sugars from the environment (27) and were particularly prominent in the Firm and Gamma bins. The enrichment of such transporters could be an adaptation to the diet and gut environment of the honey bee. Bee gut bacteria are expected to encounter a broad spectrum of carbohydrate substrates, including various sugars present in nectar and honey or originating from pollen cell walls or from host glycans. Sugar uptake and metabolism involves a complex regulatory network (27) , and many sugar transporter operons, such as the PTSs, encode their own regulatory genes (28) , which could explain why a number of transcriptional regulator COGs belonged to the most enriched functions (Fig. 2) . Another carbohydrate-related function highly enriched in the honey bee microbiome and detected in all bins, was the family of "arabinose efflux permease." Proteins of this COG function belong to the major facilitator superfamily responsible for the import or export of a broad range of different substrates, including sugars, drugs, and peptides (29) . We found a high diversity among these proteins in our metagenomic data with a marked number showing homology to drug resistance efflux pumps (SI Appendix, Fig. S4 ). Honey, in particular, is known for its broad antimicrobial activity resulting from high sugar concentration, low pH, and the presence of various antimicrobial compounds (30) . The latter compounds are either produced in the bee itself or are molecules naturally present in nectar or pollen (31) . Plants produce a plethora of defensive compounds, as protection against herbivores or phytopathogens (32). Similar to plant-associated microbes (33) , bacterial species colonizing bee guts might have acquired an arsenal of such efflux systems to ensure resistance against the broad range of plant-derived antimicrobial compounds as well as the varied carbohydrates ingested by bees as part of their nectar and pollen diet. Exposure of honey bees to pesticides, like antibiotics applied to the hive or used in agriculture (16) or antimicrobial substances produced by the gut bacterial community itself could impose additional selective pressure favoring accumulation of these efflux pump functions.
Gene Functions Specific to Different Species or Species Groups. Different species localize to specific niches in the honey bee gut (12) , suggesting that they fulfill distinct functions. To identify such species-specific functions, we determined which COG categories were enriched within each bin relative to other bins. We used normalization ranks of COG categories based on the relative abundance of all COG functions belonging to a given category (SI Appendix, Table S3 ).
Host Cell Interaction and Biofilm Formation. Previous analysis using fluorescence microscopy revealed that Snodgrassella and Gilliamella (the dominant component of our Gamma bin) form biofilm- Table S2 ). Average D-score represents the mean enrichment score over all nine comparisons. For each function, the total number of genes found in the metagenomic dataset and the distribution in the six bins is shown. Letters above graphs indicate COG category. "G" and "K" stand for "carbohydrate metabolism and transport" and "transcription," respectively.
like layers on the epithelium of the longitudinal invaginations of the ileum, a segment of the hindgut connecting midgut and rectum (12; 34) . Snodgrassella is in direct association with the host tissue followed by a thick layer of Gilliamella. Strikingly, the Snodgrassella and Gamma bins showed significant enrichment in the categories of "intracellular trafficking, secretion, and vesicular transport" and "cell motility" (SI Appendix, Table S3 ). In both bins, we detected genes for type IV pili/type II secretion. The Gamma bin was further found to encode flagellar and type VI secretion system genes (SI Appendix, Fig. S5 ). Genes encoding RTX proteins, a family of surface proteins with a broad spectrum of activities including host cell interaction (35) , were additionally enriched in Snodgrassella. Together these gene functions are likely involved in the formation of the biofilm on the gut epithelial surface and in the intimate interaction with the host. Interestingly, the microbial community of Bombus species, shown to protect against a protozoan parasite, is dominated by Gilliamella and Snodgrassella (14), suggesting the possibility that the Gilliamella/Snodgrassella biofilm functions as a protective layer against parasite invasion. The mechanism of this protection has not yet been elucidated. Besides providing a physical barrier, defenses could be mediated by identified secretion systems or RTX proteins. In particular, the RTX proteins might display important determinants of this function, as they can act as bacteriocins or contribute to defense against environmental stressors by forming protective surface layers or by supporting biofilms via cell-cell adhesion (35) . Alternatively, RTX proteins could play a role in establishing the intimate association of Snodgrassella with the epithelium after pupal eclosion and thus might affect developmental processes in the newly formed gut of adult honey bees (12) .
Carbohydrate Transport. Sugar transport functions were enriched in the overall community of honey bees compared with other gut-associated microbiomes (Fig. 2 ). These carbohydrate-related functions were specifically abundant in the Gamma, Firm, and Bifido bins compared with the remaining bins (SI Appendix, Table S3 ). Relatives of all three species or species groups include typical gut commensals known to metabolize carbohydrates (36) . The large number of different PTSs particularly present in the Gamma and Firm bins suggests that they metabolize a variety of sugars. The most abundant PTSs were transporters of the mannose family, known for their broad substrate specificity (37) (SI Appendix, Fig. S6 ). In contrast to nutritive sugars like sucrose, glucose, or fructose, various nectar-and pollen-derived sugars cannot be metabolized by bees or even are toxic (15, 38, 39) . In particular, mannose and melibiose are known to be poisonous to newly emerged workers (39) . By metabolizing such sugars, the gut microbiota could be critical for the detoxification of food components. Besides such a mutualistic role, the large variety of transporter systems could facilitate these bacteria to thrive in the gut environment of honey bees by broadening the spectrum of potential energy sources.
Carbohydrate Breakdown. Polysaccharides present in pollen walls or host glycans as well as certain nectar sugars have to be broken down before they can be used as energy sources. Accordingly, carbohydrate-degrading enzymes were found in the Gamma, Firm, and Bifido bins (SI Appendix, Table S3 ). Using the CAZy (carbohydrate-active enzyme) database (40), we classified all glycoside hydrolases (GHs) and polysaccharide lyases (PLs) of the honey bee microbiome (SI Appendix, Table S4 and Dataset S1). This analysis identified fructosidases to be highly abundant in the metagenome. These enzymes hydrolase the disaccharide sucrose into fructose and glucose and thus could support breakdown of one of the most common sugars in nectar (38) . We further detected a number of genes encoding enzymes that target plant cell wall polysaccharides (SI Appendix, Table S4 ). Whereas cellulases and hemicellulases were mostly absent, we found genes encoding pectin-degrading enzymes, including pectate lyases targeting the polygalacturonic acid (PGA) backbone of pectin and debranching enzymes (Fig. 3) . Most of these enzymes as well as specific transporters and pathways to import and catabolize PGA derivatives were encoded on scaffolds of the Gamma bin (Fig. 3A) . Pectin constitutes a major component of plant cell walls, and pectic polysaccharides are involved in the formation of different layers in pollen walls (41) . They are particularly prominent in pollen tubes, where they control cell outgrowth during maturation (42) . On the basis of current knowledge, pollen breakdown in honey bees seems to be a multifactorial process including the rupture or perforation of the exine layers by osmotic shock and/or pseudogermination (43) . These processes may result in the exposure of the intine, a layer similar to primary plant cell walls (42) , which subsequently could be digested by corresponding enzymes. Strikingly, histochemical studies previously revealed that pectin of ruptured pollen grains is digested in the honey bee midgut (44), a part of the alimentary tract in which the γ-proteobacterial species are present (12) . Phylogenetic analysis indicates that the major pectate lyases (PL1) encoded in the metagenome are most closely related to corresponding enzymes of plant pathogens (Fig. 3D) . Pectin-degrading enzymes of these bacteria are essential for weakening plant cell walls allowing invasion (45) . Similarly, pectin digestion in the honey bee gut might facilitate pollen perforation resulting in the release of its nutrient-rich content. Alternatively, because pectin has been shown to be toxic for honey bees (15) , its catabolic breakdown by bacteria could simply permit bees to avoid intoxication.
Experimental Tests of Pectinase Activities. Using an overlay agar containing PGA, we tested bacterial isolates from the bee gut for their ability to degrade pectin. Strikingly, only bacteria belonging to the Gamma bin, and specifically Gilliamella isolates, were able to degrade PGA (Fig. 3C ). PCR screening confirmed that these strains encode the pectate lyases identified in the metagenome (SI Appendix, Fig. S7 ). Interestingly, some Gilliamella isolates did not degrade PGA in our experiment and there was an exact correspondence between ability to degrade PGA and presence of pectate lyase on the basis of our PCR screen (SI Appendix, Fig. S7 ). Although these isolates share about 99% identity in 16S rRNA sequences and thus belong to the same species, phylogenetic reconstruction showed that isolates with PGA degradation activity cluster independently from the ones without this capability (SI Appendix, Fig. S8 ). This corroborates our hypothesis that the genetic variation observed within different bacterial species (Fig. 1 ) might reflect divergent niche adaptation within the gut of honey bees.
Conclusions
In summary, our study provides insights into the functional capabilities of the distinctive microbiota of honey bees. Our results support the view that these bacteria likely play roles in nutrition and pathogen defense in honey bee colonies and provide a large set of candidate roles worthy of further experimentation. The bacteria from the honey bee gut have not been detected outside of bees, but, despite their restricted niche, the degree of diversity within the few members of this bacterial community is remarkable. Although our study considered only a pooled sample from one colony, 16S rRNA-based studies from single individuals from several colonies also show extensive strain variation (13) . Coevolution among strains within the microbiota might have resulted in functional divergence, as exemplified by differences between Gilliamella strains in ability to degrade pectin. Our study provides a basis for future research aiming at a better understanding of the functional roles of these bacteria for colony health with respect to nutrition and pathogen defense.
Materials and Methods
Metagenome Sequencing. A bacterial DNA sample was prepared from the hindguts of 150 adult worker bees sampled on a single day from a single colony in Tucson AZ. Sequencing of a 300-bp library was conducted with a Illumina Genome Analyzer IIx at the Yale Center for Genome Analysis. The assembly was generated with Velvet v1.0.19 (46) based on ∼40 million quality-filtered read pairs and subjected to a gap-closing analysis. For annotation of the gene content, we used the Integrated Microbial Genomes with Microbiome samples (IMG/M) system (47) . Details about DNA preparation and assembly are described in SI Appendix, SI Materials and Methods.
Taxonomic Profiling. We determined the community profile in the metagenomic dataset by two independent approaches. First, we taxonomically binned all reads mapping against a set of 31 phylogenetic marker proteins with the BLASTX version of the program MetaPhyler (48) . Second, we used the "Phylogenetic Distribution" tool of IMG/M to classify CDSs on the basis of best BLASTP hits with an identity cutoff of 30% (47) . Due to the lack of reference data and the deep-branching phylogenetic positions of most bee gut bacterial species, sequences could only be classified on the phylum/class level.
Phylogenetic Analyses. Using Geneious v5.3.6 (Biomatters), protein sequences were aligned with MUSCLE or CLUSTALW, overhanging ends trimmed off, and maximum-likelihood phylogenies inferred with PHYML (WAG model). For the phylogenetic marker gene analyses, all metagenomic CDSs belonging to the corresponding COG function were included, if aligning over >50% of the full-length sequence. We only analyzed phylogenetic marker COGs having a single-copy per genome and a length >300 aa, as defined by IMG/M.
Metagenomic Sequence Binning. To sort out sequences originating from host DNA, we queried all scaffolds against the genome of A. mellifera using BLASTN. We then assigned scaffolds to the six different phylogenetic clusters identified in Fig. 1C resulting in species or species group bins. We first used BLASTX to query scaffolds against genomes from species (SI Appendix, Table S5 ) related to these six clusters. A scaffold was assigned to a given bin, if >50% of all best BLASTX hits originated from relatives of the same phylogenetic cluster. Unassigned scaffolds ≥2 kb were further analyzed with the compositional-based method ClaMS (49) (for details see SI Appendix, SI Materials and Methods).
Minimal Gene Set and Copy Number Analysis. We used the minimal gene set described by ref.
18 mostly containing single-copy housekeeping genes. Protein sequences of each bin were blasted with BLASTP against a subset of this minimal gene set conserved in related species (SI Appendix, Table S5 ). We used relative alignment length, E value, and protein identity to identify homologs of this minimal gene set in each bin (for details see SI Appendix, SI Materials and Methods).
Analysis of Variable Sites. We selected one copy of the same 27 ribosomal protein-encoding genes from each bin and remapped all quality-filtered reads against them using CLC Genomics Workbench (CLC bio). The same software was then used to detect SNPs in the mapped sequence data (for details see SI Appendix, SI Materials and Methods). 
COG Function Enrichment
(HMMs) of the PL and GH families present in the CAZy database (40). Proteins with relative hit alignment lengths >0.5 and E values <10 −3 were counted andonto fresh medium plates. After 48 h, 10 mL agar containing 1.5% (wt/vol) PGA (Sigma) in 0.1 M Tris-HCl pH 8.6 was poured on top and incubated for another 24
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between adjacently located contigs, which shared overlapping sequence at their ends, but were not assembled together due to the presence of polymorphic sites.
This reduced the number of contigs assembled into 54,700 scaffolds from 164,007 to 84,256. Subsequently, we used the post-assembly improvement tool IMAGE2 (21) , which closes contig gaps in scaffolds based on an iterative process of mapping and assembling read pairs falling into gap regions. This Metagenomic sequence binning. Using a combination of homology-and composition-based binning, scaffolds were assigned to species or species group bins according to the phylogenetic clusters identified in Fig. 1C . First, we filtered out sequences originating from host DNA by blasting all scaffolds against the genome of A. mellifera using BLASTN. Scaffolds revealing BLASTN hits with an E value <10 -50 and sequence identities of >80% were manually validated and assigned to the so-called 'Apis' bin (see Table S1 ). Using BLASTX, we then queried the nucleotide sequences of the remaining scaffolds against the proteomes of a set of 31 species which were found to be closely related to the phylogenetic clusters identified in the honey bee microbiome (Fig. 1C) (1).
Reference genomes used for this approach are listed in Table S5 . While two previously identified !-proteobacterial species could be reliably distinguished from each other (Alpha-1 and Alpha-2), two species belonging to the !-proteobacterial class (Gilliamella and Gamma-2) and two species belonging to the Firmicutes could not be assigned to different bins due to their evolutionary close relationship. This resulted in the following six bins representing all major species previously identified in the gut microbiota of honey bees: Alpha-1, Alpha-2, Snodgrassella ("-proteobacterial species), Gamma, Bifido, and Firm. A scaffold was assigned to a given species or species group bin, if >50% of all, non-overlapping, best BLASTX hits on this scaffold came from one of the species related to that corresponding bin (see Table S5 ). To restrict our analysis to conserved protein sequences, we only analyzed BLASTX hits with E value <10 -30 . Unassigned scaffolds !2 kb were analyzed with ClaMS, a sequence composition-based classifier using de Bruijn graphs (19) . For each bin, a set of scaffolds of >100 kb was used to train ClaMS (see Table S5 for training sets).
After evaluating the performance of ClaMS using different parameters, we found that a k-mer of '2' and a normalized distance cut-off of '0.01' resulted in the most accurate binning as validated by blast analysis. All remaining scaffolds were assigned to the so-called "unclassifieds".
Analysis of minimal gene sets and gene copy number in each metagenomic bin. As a measure for the genomic completeness of the different bins, we checked for the presence of a minimal gene set mostly consisting of single-copy housekeeping genes for basic metabolism and macromolecular synthesis (23) .
For each bin, a core set of these genes was defined based on their presence in genomes of the related species (which were previously used for the homologybased binning approach, see Table S5 ). We found 189 (Alpha-1), 183 (Alpha-2), 193 (Snodgrassella), 188 (Gamma), 173 (Bifido), and 183 (Firm) genes to be conserved in this core minimal gene set using the genome analysis platform MaGe (24) . We then used BLASTP to query the protein sequences of these 'core' genes against the proteins found in each bin of our metagenome. BLASTP hits aligning over !80% of the query and the hit sequence with an E value <10 -30 and a protein identity !40% were considered to present full-length homologs of the corresponding gene. BLASTP hits aligning over <80% of the query sequence 
